ABSTRACT. Movement is an important life history trait that can have an impact on local adaptation, and other evolutionary phenomena. We used a combination of nestbox survey data and genetic techniques (genotyping at 10 microsatellite loci) to quantify patterns of movement in common dormice Muscardinus avellanarius at two distinct sites in the UK: 1) Bontuchel (a natural population) and 2) Wych (captivebred individuals that were reintroduced to this site), over three consecutive years (2006)(2007)(2008). Both methods revealed a consistent pattern of sex-biased movement (movements by adult males and females) in both populations that allowed isolation-by-distance genetic structure to develop within 1 km. The similarity of data from captivebred and natural individuals indicated that ex situ programing has not significantly altered the natural movement behavior of common dormice; consequently, the two populations could be managed with the same conservation strategies. We also found that the reintroduced dormice in Wych maintained relatively high levels of genetic diversity. This first report of movement patterns in reintroduced and natural populations of M. avellanarius combining genetic and field-survey data highlights the role of genetic studies in the investigation of ecological behaviour and for conservation management.
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INTRODUCTION
Species' dispersal characteristics influence a range of fundamental demographic and evolutionary processes (Hanski, 1999; Clobert et al., 2001) . Of particular relevance for conservation is the association between population persistence and dispersal (i.e., gene flow), since the latter, for example, impacts upon the rate of genetic erosion and concomitant inbreeding effects and/or loss of evolutionary potential (Saccheri et al., 1998; Ewing et al., 2008) . Accordingly, much research effort has been directed towards quantifying the putative roles of various life-history traits and ecological factors that influence dispersal, such as landscape heterogeneity, matrix quality and resource distribution (Manel et al., 2003; Scribner et al., 2006) . In this context, establishing species' natural patterns of movement can provide insights into factors that are critical for the maintenance of viable populations -information that should underpin decisions about in situ management of species (Lidicker and Patton, 1987) .
One issue that has not been thoroughly examined is the movement behaviour of animals that have been reintroduced to natural habitats after captive-breeding. Reintroductions are appealing as they facilitate population restoration or augmentation of endangered or locally-extinct species without affecting the demography of other natural populations (Armstrong and Seddon, 2008; Bowkett, 2009) . Under certain circumstances, however, captive-bred animals may face different types of genetic problems in captivity (see Robert, 2009 ), such as inbreeding depression (Ralls et al., 1988) , genetic drift (Bryant and Reed, 1999) , loss of genetic diversity (Neveu et al., 1998) , and/or genetic adaptations to captivity that are deleterious in the wild (Frankham, 2008) , possibly due to the small population size, the unnatural setting of captivity, artificial selection, or their interactions (Robert, 2009 ), which may limit or even prevent a particular behaviour from being learnt. While many studies have examined the viability of reintroduced animals, including whether they are capable of some movement and/or dispersal (Diefenbach et al., 2006; Ausband and Moehrenschlager, 2009) , to our knowledge, no studies have explicitly determined whether reintroduced populations have retained their natural movement tendencies.
The common dormouse Muscardinus avellanarius is a cryptic, arboreal mammal that typically inhabits areas of deciduous forest that have a thick layer of scrub plants and underbrush (Bright et al., 2006) . This species is distributed from the Mediterranean to southern Sweden, eastward to Russia and into parts of northern Asia Minor (IUCN, 2009) and reaches the northwest limit of its European range in the UK, where it can be found over much of southern England and in isolated patches in northern Wales (Morris, 2004) . The detrimental effects of habitat loss and fragmentation on M. avellanarius populations have been highlighted in the UK, where this species has suffered a 64% decline in numbers (in a survey of 59 hedgerow sites) since the late 1970s (Bright et al., 2006) . M. avellanarius is now regarded as a "Flagship Species" for nature conservation and a bioindicator of woodland quality (Bright et al., 2006) , and consequently, this species was categorised as 'least concern' on the Red List (IUCN, 2009 ). In the UK, M. avellanarius is listed as a Schedule 5 species and was placed on the English Nature's Species Recovery Programme in 1992 (Morris, 2004; Bright et al., 2006; Mitchell-Jones and White, 2009) .
Accordingly, a programme of captive-breeding and reintroductions was initiated in 1983 with the ultimate goal of restoring this species' UK distribution. By 2008, a total of 635 captive-bred dormice had been released in 16 reintroduction sites (Mitchell-Jones and White, 2009) . Generally, reintroduced populations of M. avellanarius have appeared viable, with records of breeding and marked animals spreading into adjacent habitats (Mitchell-Jones and White, 2009) . The latter observation is interesting as observations from tagged animals indicate that adult M. avellanarius are relatively sedentary -typically moving less than 500 m during their lifetime (Morris, 2004; Büchner, 2008; Juškaitis, 2008) . Of course, these estimates of movement may suffer from the potential limitations associated with directly tracking animals (see e.g., Koenig et al., 1996; Broquet and Petit, 2009 ). Many researchers have used direct methods (e.g., capture-mark-recapture, radio-telemetry) to study movement and dispersal in common dormice (see e.g., Bright and Morris, 1992; Juškaitis, 2005; Büchner, 2008; reviews in Juškaitis, 2008; Juškaitis and Büchner, 2010) , but no one has yet evaluated movement patterns and subsequent spatial genetic structure using genetic methods for the species. Moreover, with regard to observations of breeding in reintroduced populations, a molecular genetic characterisation is required to assess the wider success of a reintroduction programme (see Grenier et al., 2007) .
The main aim of this study was, through a combination of field surveys and molecular genetic techniques: 1) to quantify and compare the movement pattern exhibited by M. avellanarius in a natural population with the movement behaviour exhibited by reintroduced individuals that were sourced from captive-bred animals. In addition, we 2) quantified sex-biased movement characteristics in this species and 3) determined the levels of genetic diversity in these natural and reintroduced study populations.
MATERIAL AND METHODS

Sample collection
M. avellanarius were monitored at two sites in the UK: 1) Bontuchel (Wales; 53.109364N; -3.370318W) and 2) Wych Valley (England; 52.994994N; -2.7745169W) for three consecutive years (2006) (2007) (2008) . The natural population at Bontuchel inhabits a large area (0.55 km 2 ) of mixed broadleaves and conifers, which allows movement to be studied without potential confounding effects associated with small habitat size. The reintroduced animals at Wych Valley are the descendents of 29 and 24 captive-bred dormice that were released (in 1996 and 1997, respectively) June, September, and October (2007-2008) . Every captured dormouse was scanned for a microchip (i.e., had been caught previously), and then its sex, weight and approximate age were recorded. The age of juveniles was estimated according to the development of external features and body weight (Juškaitis, 2001) . Dormice without microchips were anaesthetised and then chipped using 8-mm microchips. For genetic analyses, hair and buccal swab samples were collected. Direct estimates of movement tendencies were calculated as the distance moved per month between capture locations (i.e., nestbox) for each sex and age class separately. For animals first caught as juveniles, the cumulative distances may incorporate some natal dispersal and subsequent movements within home ranges, whilst for animals first caught as adults the cumulative distances may only represent home range movements. As the principal aim of this study was to determine whether there were any significant differences in movement pattern between the sexes and populations, we first checked whether there were differences between these groupings in 1) the proportion of animals first caught when young and 2) the length of time between first and last capture.
DNA extraction and genotyping
Total genomic DNA was extracted from hair and buccal swab samples using CHELEX-100 (Walsh et al., 1991) . All samples were genotyped at 10 polymorphic microsatellite loci (Naim et al., 2009 ) with each 10-µL PCR mixture containing 75 mM TrisHCl, pH 8.8, 20 mM (NH 4 ) 2 SO 4 , 0.01% Tween 20, 0.2 mM of each dNTP, 3 mM MgCl 2 , 1 mL extracted template DNA, 3 pmol of each primer, 10 μg BSA and 1.25 U DNA polymerase (ABgene, Epsom, UK). Thermal cycling conditions were 95°C for 3 min, 6X [95°C for 30 s, Ta °C for 45 s and 72°C for 45 s], 25X [92°C for 30 s, Ta °C for 45 s and 72°C for 55 s], where Ta is the locus-specific annealing temperature (Naim et al., 2009) . PCR products were pooled, according to the fluorophore and the allelic size range, with a 500-bp (LIZ) size standard, then separated by capillary electrophoresis on an ABI3130 xl and sized using the GeneMapper software (Applied Biosystems). MICROCHECKER ver. 2.2.3 (Van Oosterhout et al., 2004 ) was used to check for systematic genotyping errors (null alleles, large allele dropout and any miss-scoring of stutter peaks). Tests for linkage disequilibrium between all locus-pair combinations were carried out using GENEPOP ver. 3.1d (Raymond and Rousset, 1995) . Deviations from Hardy-Weinberg equilibrium (HWE) conditions were quantified using FSTAT ver. 2.9.3.2 (Goudet, 2001 ) with 2000 permutations of alleles among individuals within samples. FSTAT was used to calculate allelic richness (A R ) standardised to 75 individuals, expected heterozygosity (H E ) and Wright's (1951) inbreeding coefficient (f). All analyses were tested for each population (Bontuchel and Wych) in each year (2006) (2007) (2008) and for all age classes (adults and juveniles). Sequential Bonferroni's corrections for k multiple tests were applied where appropriate (Rice, 1989) .
Genetic diversity
Temporal genetic variation
Hierarchical analysis of molecular variance (AMOVA) (Excoffier et al., 1992) was used to partition the contribution to genetic diversity arising from spatial variation with that occurring between successive sampling periods. Total genetic diversity was partitioned between temporal groups, between populations and between individuals within populations at each study site using ARLEQUIN ver. 2.0 (Schneider et al., 2000) .
Movement patterns
To examine whether the pattern of movement differed between sex (sex-biased movement), we calculated 1) F IS and 2) r (Lynch and Ritland, 1999) for adults of both sexes for each year using the biased dispersal option in FSTAT ver. 2.9.3.2 (Goudet, 2001) . F IS is Weir and Cockerham's (1984) estimator of within-population inbreeding, while r = 2F ST / (1 + F IT ) (where F ST and F IT are measures of inbreeding due to differences between subpopulations and of individuals relative to the total population, respectively) and is a measure of average relatedness of individuals within a population. Sex-biased movement was also examined using the mean probability of an individual's assignment to a population (mAIc) and the variance in the probability of assignment of an individual to a population (vAIc) (Goudet et al., 2002) . Individuals living in close proximity were expected to be more related on average than individuals taken from the whole population, and a positive AIc value indicates that the genotype is more likely to come from the sampled population (review in Lawson Handley and Perrin, 2007) . Thus, if there is sex-biased movement, r and mAIc are lower in the dispersive sex, whereas F IS and vAIc will be higher (Goudet et al., 2002) . The significances of the estimators were determined using 10,000 randomisations. Since the sex-biased movement signal in biparental markers disappears with mating (Goudet et al., 2002) , we omitted juveniles from the data.
Spatial genetic structure
Spatial genetic structure was examined by spatial autocorrelation (Hardy and Vekemans, 1999) . SPAGeDi ver.1.2 (Hardy and Vekemans, 2002) was used to calculate the average kinship (F IJ , Loiselle et al., 1995) relative to the whole data set between pairs of M. avellanarius separated by a range of increasing distance classes. To test for significant spatial genetic structure, spatial group locations were permuted 1000 times to generate 95% confidence intervals for multilocus kinship coefficients at each distance class. For all spatial statistics, Euclidean geographical distances between individuals were calculated from the GPS x and y coordinates and analyses were conducted separately on the basis of sex, age and sample year.
Finally, to determine whether there was immigration into the study sites, we conducted assignment tests to evaluate the proportion of first-generation immigrants among adults within each locality and for each sex separately using the GENECLASS2 ver. 2.0 program (Piry et al., 2004) . Likelihood computation was performed using the frequency method and the statistic L h (i.e., likelihood computed from the population where the individual was sampled) as recommended when all source populations for immigrants have not been sampled . The probability of an individual being resident was then assessed using the Monte Carlo resampling procedure of Paetkau et al. (2004) . Individuals with a probability of less than 0.05 were excluded as resident and assigned as unknown population.
RESULTS
Biological parameters
The capture-mark-recapture data included a total of 508 and 212 captures in Bontuchel and Wych, respectively, corresponding to 174 (2006) 
Movement of M. avellanarius
On the basis of the field data, a similar sex-biased pattern of movement was evident at both the natural and the reintroduced site, with males moving further than the females (Figure 1) . At Bontuchel, the average distance moved per month by (recaptured) adult females and males was 53.62 ± 4.21 m and 64.17 ± 6.13 m, respectively, and at Wych the average distances moved by adults were 51.57 ± 3.28 m (females) and 66.60 ± 4.21 m (males). The difference in average distance moved between sexes was significant at both sites (Bontuchel; Mann-Whitney U-test: n 1 n 2 = 40, 47, U = 773, P < 0.05, Wych; Mann-Whitney U-test: n 1 n 2 = 24, 25, U = 383, P < 0.05); however, there was no significant difference in the average distance moved by dormice between the two sites for either sex (males, Mann-Whitney U-test: n 1 n 2 = 40, 24, U = 538, P > 0.05; females, Mann-Whitney U-test: n 1 n 2 = 47, 25, U = 459, P > 0.05). The average period between the first and last capture for adult female dormice was not significantly different between sites (Bontuchel: 7.63 ± 3.23 months; Wych: 7.92 ± 0.33 months; Kruskal-Wallis H = 0.05, d.f. = 1, P > 0.05). Likewise, there was no significant difference between the first and last capture dates of male dormice (Bontuchel: 10.01 ± 1.87 months; Wych: 9.23 ± 2.54 months; Kruskal-Wallis H = 1.62, d.f. = 1, P > 0.05). However, the average period between the first and last capture was significantly different between sexes at both sites (Bontuchel: Kruskal-Wallis H = 4.20, d.f. = 1, P < 0.05; Wych: Kruskal-Wallis H = 6.57, d.f. = 1, P < 0.05). There was no significant difference in the distance moved between first and last capture of males and females that were caught first as juveniles and later as adults at Bontuchel (Mann-Whitney U-test: n 1 n 2 = 6, 4, U = 3, P > 0.05) and at Wych (Mann-Whitney U-test: n 1 n 2 = 6, 3, U = 6.5, P > 0.05).
Genetic diversity
None of the loci suffered from errors due to stuttering, large allele dropout or null alleles, and all ten microsatellite loci were polymorphic (Table 1) . After sequential Bonferroni's correction, no locus deviated significantly (P > 0.05) from expected HWE conditions and significant linkage disequilibrium was not found between any pair of loci. Genetic variability was greater at Bontuchel with number of alleles (N A ) per locus ranging between 6 and 14 compared with 5 to 11 alleles at Wych. Similarly, mean A R , was greater at Bontuchel (range: 8.60-9.30) than at Wych (range: 5.20-6.80) (Table 1) . However, H E at Bontuchel (H E = 0.691 ± 0.01) and Wych (H E = 0.667 ± 0.03) did not differ significantly between sites (t-test, t = 1.46, d.f. = 4, P > 0.05) and was relatively constant over the three years of study. At both sites, no significant genetic differences were attributed to variation among temporal groups of samples (P > 0.05), which accounted for between 2 to 3% of the total genetic variance (Table S1 ).
Movement tendency
There was genetic evidence for male-biased movement in adults at both sites, which was consistent with the direct estimates of movement tendencies identified from the nestbox surveys of chipped animals. Thus, average relatedness, r, was significantly (P < 0.05) lower in adult males than in adult females in both populations, and significantly negative mAIc and greater values of vAIc and F IS were observed in males than in females (Table 2 and Table S2 ). We also found qualitative evidence of male-biased movement by juveniles at Bontuchel (N = 50) and Wych (N = 15), whereby the values of mAIc and vAIc were respectively lower and higher in males, but differences between male and female juveniles were not significant, probably because of the small sample size or because of a mixture of pre-and post-movement of juvenile males ( N A = numbers of alleles; H O = observed and H E = expected heterozygosities; A R = allelic richness; f = inbreeding coefficient. Bold values indicate a significant (P < 0.05) deviation from Hardy-Weinberg equilibrium (HWE); however, none of the tests remained significant after a sequential Bonferroni's correction for k = 3. Table 1 . Basic genetic diversity statistics of two common dormouse (Muscardinus avellanarius) populations.
Spatial genetic structure
Individual correlogram profiles of the relationship between average kinship (F IJ ) and spatial separation varied slightly between sampling years, but any differences were not significant as the 95% confidence intervals for the average value of F IJ at each distance class overlapped. Therefore, the data are presented as an average over all years (but with pairwise estimates of F IJ restricted to individuals from the same sample year) to demonstrate the broad pattern of movement behaviour. Thus, a significant pattern of spatial autocorrelation was observed in adult females at both sites, with pairs of individuals up to 200 m apart having significant F IJ values and then significantly negative F IJ values from 300 m and beyond (Figure 2) . Consistent with the analyses described above indicating male-biased movement, a contrast in the pattern of spatial genetic structuring between adult males and females was evident in both populations. Adult males at both sites displayed lower levels of relatedness at short distance classes (Figure 2) , and only average F IJ at 500-m distance classes was significantly different from zero. Generally, the F IJ values for adult dormice at Bontuchel were consistently higher than at Wych but the difference was not significant (t-test, t = 1.32, d.f. = 16, P > 0.05); this pattern was also observed in juveniles at both sites (t-test, t = 1.06, d.f. = 16, P > 0.05).
Assignment tests revealed a relatively low rate of immigration and supported the idea of male-biased movement, with a high proportion of individuals (95.5% of the 246 adults at Bontuchel and 92.5% of the 120 adults at Wych) likely to be residents (at >95% likelihood). There were 11 individuals (9 males, 2 females) and nine individuals (6 males, 3 females) at Bontuchel and Wych, respectively, assigned as potential immigrants (P < 0.05; data pooled over years), although none of these individuals were identified as suspected immigrants at a more stringent probability of P < 0.01.
DISCUSSION
The main outcomes of this study are that, using the combination of direct observation and molecular genetics technique, 1) a natural pattern of movement is maintained in the reintroduced population founded with individuals from a captive breeding programme, and 2) common dormice are relatively sedentary but exhibit sex-biased movement, with adult males dispersing further than females. We present evidence for lower genetic diversity in the reintroduced population compared with a natural site, but there was no significant bottleneck effect. Moreover, while there is no evidence for strong spatial structure that is manifest as discrete subpopulations within these relatively large habitat patches, movement is sufficiently limited to allow isolation by distance genetic structure to develop. 
Movement behaviour
Similarities in both the scale of movement and pattern of male-biased movement evident (using both direct and indirect measurements) at both sites indicated that a period of captive breeding did not affect movement behaviour. This result is contrary with a study conducted by McPhee (2003) , in which a period of captivity apparently compromised the behaviour of oldfield mice Peromyscus polionotus; likewise, other studies have demonstrated the failure of captive bred animals in retaining their natural behaviour when released into the wild (see Fischer and Lindenmayer, 2000; Hellstedt and Kallio, 2005; Kelley et al., 2006, for review) .
Partitioning the patterns of genetic differentiation for each sex separately is a crucial part of understating a species' ecology. In this study, the propensity of tagged adult males to move further than a female (Figure 1) is consistent with the genetic data ( Figure 2 and Table 2) , and give more empirical support to notion that the greater movements made by males (combining both natal dispersal and subsequent movements as breeding adults) translates into the movement of genes. The agreement between direct and indirect methods of quantifying movement in our study supports a recent conclusion that individual-level genetic data can be useful in determining movement distances for species that lack direct estimates for movement, particularly when movement has been studied within continuous habitat patches (Broquet et al., 2006; Watts et al., 2007; Selonen et al., 2010) . However, studies at larger spatial scales often detect more frequent and longer movement events using indirect than by direct approaches (see Telfer et al., 2003) , and thus, genetic studies should be employed for studies of movement by dormice at wider spatial scales.
Spatial genetic structure
Spatially limited movement causes an increase in genetic differentiation among individuals separated by increasing geographic distances (Rousset, 1997) . We found isolation-bydistance (IBD) (Figure 2 ) developing within 1 km, a scale similar to other mammal species (e.g., Hazlitt et al., 2004; Schweizer et al., 2007; Busch et al., 2009) , which is driven by a combination of broadly quite-limited movement distances and particularly female philopatry. Interestingly, the qualitative contrast in the level of kinship of female dormice at the smallest distance class between Bontuchel and Wych (Figure 2 ) may be a feature of the reintroduction. Thus, local groups of females at Wych appeared to have a greater proportion of unrelated females than at Bontuchel. With time, however, female philopatry and variance in reproductive success may drive the local breeding units to constitute greater proportions of related females. Further comparisons between natural and reintroduced populations are required to examine this in more detail. Nevertheless, no significant subpopulations were detected by AMOVA (Table S1) or Bayesian clustering techniques (data not shown), suggesting that rate and pattern of (certainly male) movement is sufficient to prevent the formation of discrete subpopulations in continuous habitat patches of more than 0.5 km 2 . That fewer immigrant females than males were identified in both populations lend further support to the patterns of male-biased movement discussed above. The greater proportion of male versus female immigrants was also detected in our study in the patterns of genetic divergence between populations of the common dormouse in the UK (Naim et al., 2012) . Moreover, the possibility of immigrant dormice at both sites is intriguing given this species' conservation status. Evidence of dormice inhabiting parts of the surrounding area at Bontuchel (Jones, 2007) that could serve as potential source patches, implies that dormice occasionally move further than 1 km, and across inhospitable agricultural habitat (although likely using hedgerows as corridors) (Büchner, 2008; Juškaitis, 2008) . Potential immigrants at Wych raise the possibility of neighbouring dormice populations, and indeed, these immigrants may have augmented the genetic diversity of the reintroduced Wych population. Alternatively, the suspected immigrants may reflect the genetic structure of the mixed population origins of the individuals used for captive breeding.
Patterns of genetic diversity
Almost certainly because of the relatively small number of founders, the reintroduced D.M. Naim et al. population at Wych harbours less genetic diversity than the population at Bontuchel (Table  1) . Indeed, many populations established from a limited number of founders typically show a reduction in genetic variability compared with more established, natural populations (Fitzsimmons et al., 1997; Sigg, 2006) . Nonetheless, that there was no significant difference in gene diversity (H E ) between sites points towards a relatively limited extent of genetic erosion at Wych. One likely reason for this is the prevalence of multiple mating by female dormice that prevents one or few males from dominating the genetic make-up of the population (Naim et al., 2011) . In addition, a high survival rate of the reintroduced animals will limit any loss of diversity. Certainly, the majority of common dormice reintroductions have been apparently successful as indicated by high survival rates after the first hibernation and subsequent establishment of breeding populations (Morris, 2004; Mitchell-Jones and White, 2009 ). Our genetic data support this -the Wych population is genetically diverse and there is no evidence that it has passed through a significant population bottleneck. Likewise, the population at Bontuchel has not recently undergone an apparent significant reduction in size, although it has to be noted that any homozygote excess is maintained for just 2N e -4N e generations after the bottleneck event (Piry et al., 1999) .
CONCLUSION
Despite its high conservation profile, it is surprising that to date no study has determined the pattern and extent of spatial genetic structure using molecular genetic techniques in common dormice, despite the considerable effort that has been directed towards habitat management, captive breeding and reintroductions. By comparing the wild dormouse population and the reintroduced population that was established from a captive bred population, this study demonstrated how aspects of a species' behaviour (particularly movement) can generate a population genetic structure over a small geographical scale (less than 1 km) in continuous habitat patches with gene flow largely mediated by short movement distance by males. This short movement behaviour has important implications for the conservation of the species, where it can increase considerably the vulnerability of populations to extinction. However, the detection of some immigrants at both population sites and documented report of a long distance moved by marked juveniles (i.e., more than 1 km) (Büchner, 2008; Juškaitis, 2008; Juškaitis and Büchner, 2010) would appear to have increased genetic diversity, and as such, genetic monitoring may be used to identify new dormouse populations. Since there is evidence of sex-biased movement and that reintroduced dormice retain their natural movement behaviour, in the future, it would be useful for managers of reintroduction efforts to consider the spatial aspects and the sex ratio of released animals. Obviously, further studies on additional populations are required to explore the consequences of these findings in more detail.
